Some mosses stay green and survive long even under desiccation. Dissipation mechanisms of excess excitation energy were studied in two drought-tolerant moss species adapted to contrasting niches: shade-adapted Rhytidiadelphus squarrosus and sun-adapted Rhytidium rugosum in the same family. (1) Under wet conditions, a light-induced nonphotochemical quenching (NPQ) mechanism decreased the yield of photosystem II (PSII) fluorescence in both species. The NPQ extent saturated at a lower illumination intensity in R. squarrosus, suggesting a larger PSII antenna size. (2) Desiccation reduced the fluorescence intensities giving significantly lower F 0 levels and shortened the overall fluorescence lifetimes in both R. squarrosus and R. rugosum, at room temperature. (3) At 77 K, desiccation strongly reduced the PSII fluorescence intensity. This reduction was smaller in R. squarrosus than in R. rugosum. (4) Global and target analysis indicated two different mechanisms of energy dissipation in PSII under desiccation: the energy dissipation to a desiccation-formed strong fluorescence quencher in the PSII core in sun-adapted R. rugosum (type-A quenching) and (5) the moderate energy dissipation in the light-harvesting complex/PSII in shade-adapted R. squarrosus (type-B quenching). The two mechanisms are consistent with the different ecological niches of the two mosses.
Introduction
Some mosses survive under sunshine even after full desiccation, keeping their green color. The feature is apparently similar to those reported in many lichens (Heber 2008; Yamakawa et al. 2012; Yamakawa and Itoh 2013) , and it is not known yet in higher plants. Although multiple dissipation mechanisms of excess excitation energy are known to be activated by strong illumination to avoid photodamage in hydrated plants (Demmig-Adams 1990; Niyogi 1999 ), they could not be activated under dehydrated conditions. In the desiccated photosynthetic organisms, the light energy absorbed by the desiccated photosynthetic pigments would kill them because almost all of the physiological or biochemical activities, which are expected to scavenge the radicals, are suppressed. In desiccated lichens, another type of energy dissipation mechanism was shown to be activated (Heber 2008) . Studies of the lifetime of chlorophyll fluorescence indicated fast dissipation of excitation energy into heat in photosystem II of dehydrated lichens (Veerman et al. 2007 ; Komura et al. 2010; Slavov et al. 2013) . A recent study indicated the actions of similar mechanisms in some droughttolerant mosses (Yamakawa et al. 2012 . The drought tolerance in mosses, however, seems to vary significantly depending on the species, seasons, or environmental conditions (Heber 2008; Yamakawa et al. 2012; Yamakawa and Itoh 2013) . In this paper, we studied the energy dissipation mechanisms in two moss species that belong to the same family, Rhytidiaceae: shade-adapted Rhytidiadelphus squarrosus and sun-tolerant Rhytidium rugosum. Both are desiccation tolerant but have contrasting light adaptation features. R. rugosum was shown to have a drought-induced energy dissipation mechanism similar to that found in many lichens by the analysis of fluorescence lifetime . The different light responses of these mosses may come from different energy dissipation mechanisms although it is not clear yet whether the shade-adapted mosses have the mechanism of efficient energy dissipation.
In hydrated plants, the dissipation of excess excitation energy into heat is known to protect the photosystems from photodamage, as monitored by the decreased fluorescence yield of chlorophyll (Chl) a in photosystem II (PS II) (Demmig-Adams 1990; Niyogi 1999; Horton et al. 2005; Papageorgiou 2012) . At the start of illumination, the fluorescence yield increases from the low, dark-adapted F 0 level to the high, steady-state F M level caused by photoreduction of the PSII primary electron acceptor plastoquinone (Q A ). The F M level, then, is decreased by multiple mechanisms of excess energy dissipation (Demmig-Adams 1990; Niyogi 1999) . Typically, the high light-induced electron transfer reaction protonates the intrathylakoid proteins, accumulates xanthophyll/zeaxanthin, and induces the nonphotochemical quenching (NPQ) of fluorescence (Demmig-Adams 1990) . This process could be mimicked by the acidification caused by CO 2 in mosses (Yamakawa et al. 2012) . Other mechanisms are also known to decrease the excitation energy from PSII, such as the state transition, which seems to occur as a result of the movement of antenna proteins from PSII to PSI, the spillover of excitation energy from PSII to PSI (Murata 1969; Aro et al. 1993; Demmig-Adams 1990; Niyogi 1999; Papageorgiou 2012) , or the aggregation of antenna proteins (Horton et al. 2005) . These mechanisms decrease the F M level nearly to the F 0 level. However, the excitation energy that remained at the F 0 level might still be dangerous under desiccated conditions, where most of the light-produced harmful radicals could not be dissipated due to the suppression of the electron transfer reactions and the physiological reactions (Heber 2008) .
Some lichens show strong drought tolerance. Lichens, Parmelia sulcata (Veerman et al. 2007) and Physciella melanchla (Komura et al. 2010) , decreased Chl fluorescence below the F 0 level severely upon desiccation and significantly reduced the fluorescence lifetime from 0.4 to 1 ns under wet conditions to around 50 ps under dry conditions (Veerman et al. 2007; Komura et al. 2010; Miyake et al. 2011) . The drought-induced quenching rate, therefore, is fast enough to compete against the charge separation rate to avoid the harmful radical formation in dried PSII. It was suggested that the excess energy was transferred to the far-red pigment, which was induced by desiccation, and then dissipated into heat (Komura et al. 2010; Miyake et al. 2011) . Interestingly, the quenching ability was lost if symbiont algal cells were isolated and cultured outside lichens (Kosugi et al. 2009) , and it was recovered again if a sugar component, arabitol, which was contained in the lichen host fungi, was added during the dehydration. It was, therefore, assumed that quenching occurs through alteration of the environments of PSII pigments in algae (Kosugi et al. 2013) , although its relation to the long-term survival of algal cells is not yet clear (Carniell et al. 2015) . In another lichen, P. sulcata, the decay acceleration was not strong enough to fully interpret the decrease in yield so that the outflow of excitation energy from PSII to PSI (spillover mechanism) was proposed as the major mechanism to dissipate the excitation energy (Slavov et al. 2013) .
In contrast to lichens, which are mostly drought tolerant (Heber 2008) , moss species include both drought-tolerant and drought-sensitive species. In this report, we studied the drought responses of two closely related species of desiccation-tolerant mosses that show contrasting features:
3
shade-adapted R. squarrosus and sun-adapted R. rugosum. R. rugosum showed strong phototolerance for all seasons and was shown to accelerate PSII fluorescence decay under desiccated conditions (Yamakawa et al. 2012; Yamakawa and Itoh 2013) like many drought-tolerant lichens. Ordinary NPQ mechanisms also work in the moss under hydrated conditions (Heber et al. 2006; Yamakawa et al. 2012) . On the other hand, R. squarrosus grows only in the shade and does not tolerate full exposure to sunshine; it exhibits marked variations of sensitivity to photodamage (Heber et al. 2006) and is more phototolerant during the dry summer than in the humid winter. Phototolerance appears to be inducible, because it could be modified under laboratory conditions. In this study, the difference between their photoprotection mechanisms, which seem to contribute to their survival under contrasting ecological niches, was studied by analyzing the effects of dehydration on the yields and lifetimes of chlorophyll fluorescence at 300 and 77 K.
Materials and methods

Collection of samples
The mosses R. rugosum and R. squarrosus (both belonging to the family Rhytidiaceae) were collected from different habitats at a hill approximately 20 km from the city of Würzburg, Bavaria, Germany, where rainfall differs with the season and is, at times, scarce. Exposure to and tolerance of light are different in these mosses. Collected mosses were slowly dried in darkness (or under dim light) at room temperature and stored at − 20 °C until use (field-collected moss). In some cases, collected mosses were hydrated by adding water, dark incubated for 60 h at room temperature, and then slowly desiccated (60-h-dark-adapted moss). Fast air transport of the desiccated moss species facilitated the measurements that were reproducible in both Germany and Japan.
Measurement of fluorescence yield at room temperature
Modulated chlorophyll fluorescence emitted from dry or wet moss thalli at above 700 nm was measured according to Schreiber et al. (1986) with a PAM fluorometer (model 101, Walz, Effeltrich, Germany) after excitation with a 650-nm measuring beam of very low intensity. The strong actinic light pulse and the long actinic illumination were provided by additional halogen lamps (KL 1500, Schott, Mainz, Germany). White light from the lamp was passed through filters (Calflex X and 2× DT Cyan, Balzers, Liechtenstein). Far-red light capable of a specific oxidation of P700 in PSI was obtained through RG 9 (Schott) and Calflex X (Balzers) filters. Dry moss thalli were placed inside the measuring cuvette. Dry thalli in the cuvette were hydrated by adding a small amount of water and then dehydrated again by natural water evaporation. Changes in fluorescence yield during hydration, dehydration, and actinic light illumination of thalli were continuously monitored by the PAM fluorometer.
Measurement of fluorescence lifetime at room and cryogenic temperatures
The absorption spectrum of a single thallus of moss was measured with a homemade spectrometer, in which a fiber light guide from a monochromator (BLK-CXR-SR, StellarNet, Tampa, FL, USA) replaced an eyepiece lens on a microscope (BH-2, Olympus, Tokyo, Japan). The light guide collected the light passed through a small focusing point on the specimen.
Fluorescence lifetimes of mosses were measured as reported (Komura et al. 2006; Komura and Itoh 2009 ) at weak intensities of excitation laser to enable the measurements under nearly dark-adapted condition. Dark-adapted dry or wet moss thalli were fixed on a sample holder and set in a liquid nitrogen cryostat (N90, Oxford Co., Oxford, UK). The excitation pulse at 430 nm was generated by a thin type I β-barium borate (BBO) crystal from an 860-nm flash of a Ti:Sapphire laser (Mai Tai, Spectra-Physics, Irvine, CA, USA) with a flash duration of 150 fs and a repetition rate of 80 MHz after passing through a 430-nm interference filter to give the intensity at 10 µW at the sample surface in the measurement of R. rugosum. In the measurement of R. squarrosus, a 405-nm pulse from a laser diode (M4734-32, Hamamatsu Photonics, Hamamatsu, Japan) with the duration of 50 ps at 1.0 μW passed through a 405-nm interference filter was also used for technical reasons at a 1 MHz repetition rate. The two lasers gave similar results within the range of analysis in the present study. The emitted fluorescence was focused onto the entrance slit and diffracted in a 50-cm polychromator as for wavelength, dispersed in a streak camera as for arrival time, and detected with a charge capacitance detector (Chromex 2501-S, 100 g/mm monochromator in Streak Scope C4334, Hamamatsu Photonics, Hamamatsu, Japan). The streak-camera system was operated in the photon-counting mode to give 2-dimensional (2D) images in (640 pixels for wavelength) × (480 pixels for delay time), as shown in Figs. 5 and 6. Each image covered photon counts at 636-778 nm and in the time range of 0-1100 ps (1-ns time base measurement) or 0-5350 ps (5-ns time base measurement). Photon counts were accumulated for approximately 1 h for each image. The images were analyzed with the homemade software as reported previously (Komura et al. 2006 (Komura et al. , 2010 Yamakawa et al. 2012; Yamakawa and Itoh 2013) to give a fluorescence decay time course at each wavelength or a fluorescence spectrum at each delay time, which can be calculated as a vertical or horizontal slice of the image. For all room-temperature data, the Full Width at Half Maximum (FWHM) of the Instrument Response Function (IRF) were 21 ps with the 1-ns time base measurements of R. rugosum and 144 ps with the laser diode excitation of 50 ps duration (used with R. squarrosus). At 77K, the FWHM of the IRF was 17 ps with the 2-ns time base measurements of R. rugosum or 151 ps for the measurement of R. squarrosus.
Global analysis of fluorescence data
The global analyses of streak images were done with the help of Glotaran that uses the R package TIMP (Mullen and van Stokkum 2007; Snellenburg et al. 2012) . A Gaussian shape was assumed for the IRF in the analyses. Target analysis was done as described in Snellenburg et al. (2012) .
Results
Field observations
The growth of two closely related moss species, R. rugosum and R. squarrosus, shown in Fig. 1 , was monitored on a hill about 20 km from the city of Würzburg, Bavaria, Germany. The soil and amount of sunshine in their growing places were different: R. rugosum grows on fully sun-exposed rocky calcareous soil, while R. squarrosus grows on richer, loamy soil shaded by a large willow tree and under a grass cover. During frequent dry periods in the summer, the mosses were dried towards full desiccation with almost no growth. For R. squarrosus, the covering by grass and shading by the willow tree were important for survival. Experimental removal of the grass cover accelerated desiccation and initiated a gradual loss of chlorophyll from the moss. Although attempts to revive bleached (chlorophyll-free) thalli by cultivation in a moist atmosphere were not successful in the dark, sprouting of green shoots from bleached thalli was observed under very low light (PPFD at 1.2 µmol m −2 s −1 ; K. Gutekunst, private communication). However, no damage to R. squarrosus occurred if the full shade cover was maintained during prolonged desiccation.
Effects of dehydration and rehydration on moss appearance and absorption spectra
Under natural desiccation conditions in the laboratory, the drought-tolerant mosses shrank, showing their thalli overlapping ( Fig. 1) . However, their appearance and color did not change significantly. Their absorption spectra show typical absorption peaks of Chl a at around 677 nm and shoulders at 650 nm. The distinct shoulder band indicates high Chl b content, which is typical for mosses that have a more abundant light-harvesting LHCII complex than higher plants. Desiccation increased light scattering from the surface. However, the absorption spectra, which were normalized at the Chl a peaks and corrected for the baseline shifts due to scattering changes, were not modified significantly by desiccation, suggesting only subtle changes of the structure of LHCII or of the aggregation state of Chls in the chlorophyll-protein complexes. The results gave us an opportunity to compare the mechanism of excess energy dissipation in dry R. rugosum and R. squarrosus.
Effects of desiccation on fluorescence yield
We measured the effects of hydration/dehydration upon the chlorophyll fluorescence yield in the thalli of R. squarrosus. The thalli were placed on the sample holder, and the fluorescence yield change upon the addition of distilled water was monitored (Fig. 2) . The yields excited by the weak modulation light without and with the preceding strong 1-s actinic flash, which was given every 500 s, were monitored as the F 0 and F M levels, respectively (Fig. 2) . Upon the start of measurement, dried thalli showed a low F 0 level (designated as F 0d in Fig. 2 ). Illumination of strong actinic flashes did not change the yield in this stage. Then, the addition of a small amount of H 2 O increased the F 0 level. After the initial fast increase, which seems to be partially due to the change in light scattering, the F 0 level increased for about 3 h until hydration of the whole thalli. The F M level, which was at the same level as the F 0 level in the dehydrated state, also increased with hydration. After reaching the maximum (designated as F Mh ), the F 0 and F M levels declined again with the natural dehydration and attained the F 0d ′ level, which was slightly higher than the initial F 0d level. The F 0d ′/F 0d ratio was 1.75 in Fig. 2 .
During the increase of yield in the second hydration phase, illumination by the strong actinic light at PPFD = 400 µmol m −2 s −1 decreased the F V level, giving smaller F V /F M ratios. The F 0d ″ level, which was attained after full dehydration, was then lower than the F 0d ′ level by about 20%, indicating that the F 0 level also decreased after the strong actinic illumination during dehydration. On the other hand, full hydration/dehydration effects could be attained much faster (within 10 min) if the thalli were directly soaked in water or rapidly dried by the blowing of dry air, respectively (not shown), as previously reported (Yamakawa et al. 2012) . The results in Fig. 2 were similar to those observed in sun-adapted R. rugosum (Yamakawa and Itoh 2013 and see Fig. S1 ). In R. rugosum, the F 0 and F M levels were strongly quenched upon desiccation, similar to those observed in R. squarrosus (Fig. 2) , with the larger F V /F M ratio (see Fig. S1 ). Table 1 summarizes the results of similar experiments in the desiccated thalli of R. squarrosus and R. rugosum, which were field collected and dark desiccated (condition A) or hydrated and dark incubated for 60 h (condition B) and dark desiccated before the measurements. The suppressing effects of desiccation on F 0 values were represented as the low F 0d /F 0h ratios of 0.37 and 0.22 in R. rugosum and R. squarrosus, respectively. The extents of variable fluorescence, represented as the F V /F M ratios, were smaller in dry R. squarrosus and became larger after the 60-h dark incubation in both species. Illumination during desiccation gave the lower F 0 levels (lower F 0d ″/F 0d ′ ratios) in both species.
It is concluded that both species show significant desiccation-induced decreases in the F 0 and F M levels. It is also shown that illumination during desiccation resulted in slightly lower F 0 levels, yielding the F 0d ″/F 0d ′ ratios of less than 1.0. The desiccation effects, including the effects of illumination during desiccation, were not suppressed by dithiothreitol (DTT) in both species (Table 1) , so it is difficult for the drought-induced quenching to be explained by the zeaxanthin-dependent energy dissipation mechanism. Fig. 2 Effects of slow hydration and dehydration on the time course of the modulated fluorescence intensity of R. squarrosus. After the onset of modulating light, the hydration of dry moss thalli increased fluorescence yield gradually from the low initial F 0d level to the higher F 0h level, and then subsequent slow natural desiccation decreased the fluorescence yield again to the low F 0d ′ level. In the second cycle, desiccated thalli were rehydrated, illuminated with saturating white light at PPFD = 400 µmol m −2 s −1 , and then slowly desiccated to give the F 0d ″ level Each value is an average of four PAM measurements obtained in experiments analogous to those in Fig. 2 . Hydration was done either with or without 5 mM DTT. The F V /F M ratio represents the maximum charge separation probability of PSII under saturating light intensity measured in hydrated mosses. F 0d ′/F 0d ″ is the ratio of F 0 values measured under desiccated conditions after desiccation in darkness (F 0d ′) and under light (PPFD = 400 µmol m −2 s −1 ) (F 0d ″). Field-collected moss thalli were slowly dark desiccated (condition a) or desiccated after hydration and dark adaption for 60 h (condition b), either with or without illumination 
Actinic light-induced fluorescence quenching under hydrated conditions
Strong actinic illumination decreased the F M level in the second rehydration cycle of R. squarrosus in Fig. 2 . Strong illumination is known to activate the NPQ energy dissipation mechanism in plants (Li et al. 2004; Bonente et al. 2010 ). The decrease, therefore, indicates the action of NPQ energy dissipation also in hydrated R. squarrosus. The effect of actinic intensity was studied further, as shown in Fig. 3 . In the hydrated thalli of R. squarrosus, which were 60-h-dark-adapted before the measurement, the F V /F M ratio sharply decreased to 85% as the actinic PPFDs increased to 200 µmol m −2 s −1 and then gradually decreased at the higher actinic intensities (Fig. 3, curve a) . On the other hand, the F V /F M ratio sharply decreased to 48% until PPFDs of 600 µmol m −2 s −1 in the hydrated thalli of R. rugosum (Fig. 3, curve b) .
The extent of quenching was greater in R. rugosum (Fig. 3, curve b ) compared to that in R. squarrosus (curve a). The effect saturated at the lower actinic intensity in R. squarrosus. It suggests that R. squarrosus has the larger PSII antenna size compared to that in R. rugosum. Therefore, it seems that R. rugosum, which shows the stronger quenching ability and smaller antenna, is better adapted to high-light environments than is R. squarrosus. However, it is not clear whether these abilities detected under hydrated conditions contribute to energy dissipation under the desiccated condition.
CO 2 -induced fluorescence quenching under hydrated conditions
Light-induced activation of NPQ could be mimicked in darkness by adding CO 2 to mosses and lichens (Bukhov et al. 2001; Yamakawa et al. 2012) , and dithiothreitol (DTT) inhibited this CO 2 effect in mosses (Yamamoto and Kamite 1972) . The CO 2 effect was tested in the hydrated thalli of R. rugosum and R. squarrosus. Figure 4A shows the effects of incubation with air containing CO 2 on the F M levels attained after the strong actinic flashes. The addition of CO 2 lowered the F M levels more significantly than the F 0 levels in R. squarrosus ( Fig. 4A upper panel) . The effect was recovered to 90% after 18 min of flushing with CO 2 -free air. A slightly greater extent of CO 2 -induced quenching was detected in hydrated R. rugosum (Fig. 4A lower panel) . Figure 4B shows the evaluation of the effects of CO 2 concentration calculated from the results in Fig. 4A . The F V /F M ratios decreased with the increase of CO 2 concentration (curve a) and did so more significantly in R. rugosum (curve b). The CO 2 effect was suppressed in the presence of 5 mM DTT in R. rugosum (curve c).
The quenching was induced by actinic light or dark CO 2 incubation under the hydrated condition in both moss species. The two types of quenching were almost completely suppressed by DTT, suggesting that they occur as a result of the conversion of xanthophyll/violaxanthin to zeaxanthin. The extent of quenching was greater in sun-adapted R. rugosum than in shade-adapted R. squarrosus. The difference seems to be related to the different niche selections of the mosses. The drought-induced quenching mechanisms as shown in Fig. 2 were almost insensitive to DTT and did not require illumination. Therefore, the drought-induced strong quenching effect on the F 0 and F M levels shown in Fig. 2 and Fig. S1 could not be explained by the NPQ mechanism.
Effects of desiccation on fluorescence lifetime and emission spectra at room temperature Fluorescence decay kinetics was measured in order to further study the mechanism of the desiccation-induced fluorescence quenching. Figure 5 shows the traces of photons emitted in a wavelength range of 680-760 nm (abscissa) and a delay time range of − 0.6 to 4.0 ns with respect to the peak time of the excitation laser (ordinate). The wavelength-time 2D images were measured with a streak-camera system as described in "Materials and methods". The image gives either a time-resolved spectrum or a decay time course if integrated for a selected range along the vertical time axis or the horizontal wavelength axis, respectively.
In hydrated R. squarrosus, a strong peak of PSII fluorescence was detected at 685 nm at 0 ns just after the time of excitation with the 430-nm laser flash with a 150 fs duration (Fig. 5a ). The fluorescence region extended horizontally from the 680-nm peak to the 700-770 nm shoulder region (Fig. 5a ). The shoulder is contributed mainly by the PSII shoulder band and partly by the PSI bands. Along the vertical time axis, the 685-nm peak expanded toward the time range longer than 1 ns, indicating the rather long lifetime of the PSII band as reported for other mosses (Yamakawa et al. 2012; Yamakawa and Itoh 2013) . In desiccated thalli, the 685-nm band became less marked and gave a shorter vertical expansion indicating a shorter PSII lifetime (Fig. 5b) .
In hydrated R. rugosum, the image was similar to that of hydrated R. squarrosus with more marked vertical elongation indicating a longer lifetime (Fig. 5c) . Desiccation shortened the vertical distribution of the 685-nm band (Fig. 5d) , indicating a very short lifetime as reported previously (Yamakawa et al. 2012; Yamakawa and Itoh 2013) .
The fluorescence emission spectra, which correspond to the emission spectra measured by the fluorescence spectrometer under continuous excitation light, were calculated by integrating the emission intensities for the time range of 0-4 ns at each wavelength in the images in Fig. 5a-d . The obtained spectra (Fig. 5e, f) showed peaks at around 685 nm. The intensities were significantly decreased by desiccation in both species (red curves). The result is consistent with the drought-induced suppression of the steady-state PSII fluorescence measured by PAM in Fig. 2 . The integrated spectrum of dry R. squarrosus (red line in Fig. 5e ) showed very low intensities at both the peak and the shoulder when compared to that of the wet one (blue line), while dry R. rugosum (red line in Fig. 5f ) gave a larger shoulder band, suggesting that the decrease was more specific for PSII, or that a more red-emitting species contributes.
Effects of desiccation on fluorescence decay kinetics at 77 K
Fluorescence kinetics was also measured at 77 K. At this temperature, excitations can be trapped by Chl species that emit at lower energy than the RC pigments. This results in Fig. 5 Effects of desiccation on the wavelength/time 2D fluorescence images (a-d) and on the emission spectra (e, f) of two moss species at room temperature. a, b Fluorescence wavelength/time 2D images in wet and dry thalli of R. squarrosus, respectively. c, d Wet and dry R. rugosum. e, f Fluorescence emission spectra, which correspond to the steady-state spectra, calculated as the integration of intensities at 0-4 ns after the laser excitation in the above images. Red and blue lines indicate the spectra of wet and dry thalli, respectively. The integrated spectra correspond to the ones measured under continuous excitation light red-shifted emission with long lifetimes (Fig. 6) . On cooling to 77 K, the broad peaks of the PSI fluorescence band at 730 nm (F730) became stronger, with very long-lived vertical tails in the hydrated thalli of both species (Fig. 6a, c) . PSII peaks are seen at 684 (F684) and 695 nm (F695). The spectra are very similar to those reported in mosses (Yamakawa et al. 2012; Yamakawa and Itoh 2013) . F684 and F695 are known to be emitted from Chls on the CP43 and CP47 subunits of the PSII reaction center complex, respectively, and F730 from the longer wavelength forms of Chl a, the so-called "red-Chl" on PSI (de Groot et al. 1999; Komura and Itoh 2009) .
The intensities and lifetimes of F730 bands were not affected much by desiccation (Fig. 6b, d ). The PSII bands in R. squarrosus showed lower intensity but suggested similar lifetimes (Fig. 6b) , while those in R. rugosum indicated faster decay with significantly shortened tail length along time axis (Fig. 6d) , as discussed further below. In the desiccated thalli of R. squarrosus and R. rugosum, PSII band intensities were suppressed significantly, as observed in the 0-4 ns integrated spectra (red curves in Fig. 6e, f) . Under desiccated conditions, both species showed smaller PSII bands and an almost unchanged F730 bands in the integrated spectra, which were slightly blue-shifted in R. rugosum . For quantification of these qualitative observations, we globally analyzed the data.
Global analysis of room-temperature fluorescence kinetics: decay-associated spectra (DAS)
Global analysis of fluorescence decay kinetics was done to further investigate the mechanism of fluorescence quenching. Decay-associated spectra (DAS) were estimated from the fluorescence images at room temperature shown in Fig. 5 . Negative and positive bands in DAS correspond to decay and rise of excitation energy in the corresponding band, respectively, and give information about the transfer and quenching of excitation energy.
In wet conditions, three lifetimes are needed to globally fit the data of both organisms (Fig. 7a, c ; Table 2 ). It is striking that all DAS are nonnegative, i.e., there are no rise components, indicating that only a small amount of spectral evolution is present. The equilibration process between LHCII and PSII is not visible probably because of the nonselective excitation condition at 430 or 405 nm. Additional measurements with more selective excitation of Chl b would be needed to resolve this equilibration. The first DAS (lifetime 96 or 66 ps in R. squarrosus and R. rugosum, respectively) is dominated by trapping in PSI. The shapes of the second and third DAS are very similar and can be interpreted as biexponential decay of emission from PSII plus LHCII, with lifetimes of ≈ 0.4 and ≈ 1.4 ns. These lifetimes are rather long and suggest that most of the PSIIRC are in the closed state.
In dry conditions, the two species behave very differently. Fitting of R. squarrosus data (Fig. 7b) still requires three lifetimes. The first DAS (lifetime 33 ps) appears to be a mixture of quenching from PSII plus LHCII and trapping in PSI. The spectral shape of the second DAS (red, 0.12 ns) is very similar to the shapes of the red and blue DAS in Fig. 7a . The short lifetime DAS of 0.12 ns indicates that it represents the quenched PSII plus LHCII. The very small 0.63 ns DAS (blue) seems to represent a small amount of mildly quenched PSII plus LHCII. Fluorescence of dry R. rugosum (Fig. 8d) can be described by only two lifetimes. The first DAS (lifetime 100 ps, black) is dominated by trapping in PSI. The shape of the second DAS (red, 0.29 ns) in Fig. 7d is different from the shapes of the red and blue DAS in Fig. 7b , with a pronounced shoulder near 740 nm. It suggests that the equilibrium of PSII plus LHCII with a quenched species at 740 nm is present.
Target analysis of room-temperature fluorescence kinetics
Inspired by these observations, a simultaneous target analysis of the measurements in the wet and dry states of R. rugosum has been attempted. Under the assumption that the species-associated spectra (SAS) are the same for the wet Fig. 6 Effects of desiccation on wavelength/time 2D fluorescence images and emission spectra of two moss species at 77 K. a, b Fluorescence wavelength/time images in wet and dry thalli of R. squarrosus, respectively. c, d Wet and dry R. rugosum. e, f Integrated fluorescence emission spectra, which correspond to the steady-state spectra, calculated as the 0-4-ns integration of intensities from the above images. Red and blue lines indicate the spectra of wet and dry thalli, respectively and the dry states, a new SAS for a quenched state can be resolved from the differences between the DAS of the wet and dry states (Fig. 7b, d ). Crucial for this assumption is that possible self-absorption does not cause significant differences between the SAS of the wet and dry states. The fact that the absorption spectra were not modified significantly by desiccation (cf. Fig. 1 ) supports the assumption. The kinetic scheme is depicted in Fig. 8 . Since there was no evidence for spillover, we employ independent compartments for PSI (28%, dark green) and PSII plus LHCII (72%, light green). These fractions can be estimated under the assumption that the area under the SAS is equal (Snellenburg et al. 2012) . The PSI emission is trapped with a rate of ≈ 11/ns. The biexponential decay of PSII plus LHCII is described by two fractions with decay rates of 2.04/ns (55%) and 0.64/ns (17%) with the measurement with a time base of 1 ns. With the data measured on the time base of 5 ns, these fractions are estimated to be 2.04/ns (37%) and 0.64/ns (35%). This difference is attributed to a larger fraction of PSIIRC in the closed state in the latter. An alternative description for the biexponential decay of PSII plus LHCII fraction would be equilibrium with a nonradiative radical pair state (Slavov et al. 2013) . Establishing the best model for the biexponential decay of PSII plus LHCII requires further controlled experiments with a better signal-to-noise ratio.
Assuming that there is no state transition after the desiccation the relative excitation of PSI (28%) remains the same in the dry state. To describe the acceleration of the decay of the PSII plus LHCII emission, a very fast equilibrium with a quenched species Q (red) is needed. This equilibration time of ≈ 3 ps is much shorter than the FWHM of the IRF (21 ps) and thus cannot be estimated. In turn, the quenched species Q decays with a rate of 5/ns. The fit quality of this simultaneous target analysis is excellent, cf. Fig. S3 .
The estimated species-associated spectra (SAS) depicted in Fig. 9b are consistent with the properties of the species. PSII plus LHCII (light green) peaks at ≈ 686 nm with a vibrational tail that extends until 780 nm. PSI (dark green) emits more to the red and has a stronger contribution near 720 nm, which we attribute to red-shifted Chl a in the core and the peripheral antenna of PS I. The quenched species A simultaneous target analysis of the measurements in the wet and dry states of R. squarrosus has been attempted as well. A kinetic scheme that is very similar to that of R. rugosum is depicted in Fig. S7 . To describe the acceleration of the decay of the PSII plus LHCII emission, a very fast equilibrium with a quenched species Q (red) has been used. This equilibration time of ≈ 17 ps is much shorter than the FWHM of the IRF (143 ps) of the measurement and thus cannot be estimated. In turn, the quenched species Q decays with a rate of ≈ 50/ns. The fit quality of this simultaneous target analysis is excellent, cf. Fig. S4 . The estimated SAS depicted in Fig. S8B are consistent with the properties of the species, although they are different from the SAS of R. rugosum in Fig. 9b . The SAS of PSI (dark green) shows more red-shifted emission than that of PSII plus LHCII (light green). The quenched species Q (red) has a small oscillator strength (the area under the red SAS is much smaller), with a maximum emission at ≈ 700 nm. However, in view of the short lifetime (≈ 25 ps) of this Q relative to the FWHM of the IRF (143 ps), this Q species is less well resolved than that of R. rugosum in Fig. 9b . Note that about 11% of the excitations (possessing a PSII plus LHCII SAS) decay with a lifetime of 1220 ps or 210 ps in the wet or dry state, respectively. Thus these states are mildly quenched. Such mildly quenched states were not found in R. rugosum. The R. squarrosus SAS of PSI (dark green) in Figure S 8B possess more emission near 680 nm than the R. rugosum SAS of PSI in Fig. 9b . Therefore, with R. squarrosus an alternative kinetic scheme was tested, without a quenched species. Instead, spillover in the dried state was allowed for (Fig. S9) . The rate of spillover could not be estimated and was fixed at 20/ns. The observed quenching could only be described when the relative input to PSI and PSII plus LHCII was additionally allowed to vary. Thus, the direct input to PSI increased from 33 to 63%. The SAS in the wet and dry states were allowed to differ. The PSII plus LHCII SAS was not significantly different in the dry and wet states (compare orange and light green colors in Fig. S10B ). The PSI SAS in the dry state possessed more emission near 680 nm than in the wet state (compare red and dark green colors in Fig.  S10B ). These observations are consistent with a state transition where during dehydration part of the LHCII antenna detaches from PSII and attaches to PSI, thus increasing the relative input to PSI and the contribution of the 680-nm emission to the PSI (plus LHCII) SAS.
Global analysis of 77K fluorescence kinetics
In all conditions, five lifetimes are needed to globally fit the data at 77K (Table 3 ). Figure S5 demonstrates the excellent quality of the fit with R. rugosum. Four experiments (wet or dry, on a time base of 2 or 5 ns) have been simultaneously analyzed. The FWHM of the IRF was ≈ 17 or ≈ 70 ps with a measurement of 2 or 5 ns time base, respectively. From the data with the highest time resolution, rise components of 16 or 9 ps (black DAS in Fig. 10b, d) were estimated in the wet or dry state, respectively. These fast DAS are not conservative, which suggests that after the 430-nm light excited the Soret states the energy transfer to the red-emitting states takes ≈ 10 ps. It cannot be concluded whether these redemitting states all belong to PSI or not. Small negative amplitudes are also present with the green DAS (≈ 900 ps), R. rugosum a b Fig. 9 Target analysis of fluorescence data of R. rugosum at room temperature. Estimated total concentrations (a) and SAS (b). Color key for the three different species: PSI (dark green), PSII plus LHCII (light green), and a quenched species Q (red). Solid and dashed lines in a represent the wet and dry states, respectively. Note that the time axis in a is linear until 100 ps and logarithmic thereafter which was also not conservative. The faster decay of the emission in the dry state is visible most clearly in the red and blue DAS. In the PSII region (below ≈ 710 nm), the ≈ 900 ps decay (green DAS) and ≈ 2 ns decay (magenta DAS) are much smaller in the dry than in the wet state. Increases in the red and blue DAS are present in the 700-735 nm region. The negative amplitude in the black DAS in the 705-720 nm region (Fig. 10d) suggests that a quenching species is populated in 9 ps, which decays with ≈ 45 or ≈ 190 ps. With R squarrosus, the FWHM of the IRF was ≈ 120 or ≈ 145 ps with a measurement time base of 2 or 5 ns, respectively. Therefore, the fastest lifetime cannot be estimated precisely in the measurements. It was fixed at 20 ps and its DAS (black in Fig. 10a, c) was not conservative and showed a small rise component in the 730-745 nm region only (black in Fig. 10a ). Small negative amplitudes are also present with the green DAS (≈ 900 ps), which was not conservative. In the PSII region (below ≈ 705 nm), the ≈ 1100 ps decay (green DAS) and ≈ 2 ns decay (magenta DAS) are again smaller in the dry than in the wet state. Fig. S6 demonstrates the excellent quality of the fit with R. squarrosus.
A target analysis of these 77 K data is a subject of further research.
Discussion
Excess excitation energy dissipation in hydrated mosses
Two species of mosses that are drought tolerant and phylogenetically close to each other should have energy dissipation mechanisms to avoid photodamage under both hydrated and dehydrated conditions. Under hydrated conditions, both species showed NPQ. The sun-adapted R. rugosum showed stronger quenching that saturated at a larger illumination intensity. The feature of the NPQ mechanism in the moss is similar to that known in hydrated higher plants and explains the adaptation to strong sunshine (Fig. 4) . Hydrated thalli of R. squarrosus exhibited a similar light-induced energy dissipation mechanism. However, the extent of quenching was lower. It saturated at weaker actinic light intensities, suggesting a larger antenna size, as expected for shadeadapted plants. A weak acid (dissolved CO 2 ), which supports the protonation-type energy dissipation mechanism in mosses (Yamakawa et al. 2012) , decreased the fluorescence yields in both species (Fig. 2) . DTT suppressed the CO 2 -induced quenching. Therefore, the two moss species have light-induced fluorescence quenching abilities under hydrated conditions similar to those observed in ordinary green plants (Aro et al. 1993; Demmig-Adams 1990; Niyogi 1999; Li et al. 2004; Papageorgiou 2012) . The greater extent of quenching that saturated at the higher actinic intensity suggests a smaller antenna size in the sun-adapted R. rugosum. Therefore, the energy dissipation behaviors of the two hydrated moss species explain their sun-adapted and shadeadapted natures well. However, under desiccated conditions, actinic illumination no more changed the fluorescence yield in the two mosses (Fig. 2) . Therefore, mechanisms, which are different from the light-induced NPQ, are needed to explain the strong desiccation-induced quenching which are insensitive to DTT in both moss species.
Fluorescence yield under desiccated conditions
Dehydration decreased the F 0 levels to 0.22 and 0.37 in R. squarrosus and R. rugosum ( Fig. 2; Table 1 ), respectively. This is in contrast to the situation in ordinary plants, such as spinach, that show no significant F 0 quenching or decay acceleration by desiccation (see Fig. S2 ). It was also shown in the present study that the decreased fluorescence yields in dry mosses no longer responded to actinic illumination. On the other hand, illumination during desiccation slightly affected the F 0d level attained after desiccation, suggesting some relation between the desiccation-induced quenching and the light-induced quenching. However, DTT, which is an inhibitor of NPQ, eliminated neither the desiccation-induced quenching nor the light effect on it ( Fig. 2 ; Table 1 ). Therefore, energy dissipations under the dehydrated condition are suggested to come from a mechanism different from the NPQ mechanism that occurs only under the hydrated condition. The higher F 0d /F 0h ratio in R. rugosum in Table 1 apparently suggests the desiccation-induced quenching weaker than that in R. squarrosus. However, it rather contradicts the conclusion from the lifetime analysis in Figs. 5, 6, and 7 that indicated the stronger PSII quenching in R. rugosum. The apparent contradiction seems to be explained by the higher contribution of PSI fluorescence to F 0d detected by the present PAM measurement, which detects all the emissions above 700 nm. The integrated fluorescence spectrum of desiccated R. rugosum in Fig. 5f shows the higher shoulder band above 700 nm. It explains the detected higher F 0d level even with the stronger PSII quenching in this species. Therefore, careful spectral and kinetic analyses as done in this study are important to know the mechanism of severe quenching of the F 0 level induced by dehydration.
Desiccation-induced fluorescence lifetime changes in sun-adapted R. rugosum: type-A quenching
Fluorescence decay/yield of PSII, but not PSI, was significantly affected by desiccation in R. rugosum, both at room temperature and at 77 K (Figs. 5, 6 ). The strong decay accelerations interpret the decreased fluorescence yield. As summarized in target analysis of fluorescence lifetime measurements at room temperature in Fig. 8 , it can be assumed that almost all the excitation energy on PSII is transferred to a desiccation-induced quencher, which weakly emits at around 740 nm, very rapidly. This mechanism, designated as type-A quenching in this paper, resembles that reported in other desiccation-tolerant moss species (Yamakawa et al. 2012; Yamakawa and Itoh 2013) or desiccation-tolerant lichens (Komura et al. 2010; Miyake et al. 2011) . It has been proposed that either a long-wavelength form of chlorophyll a or its oxidized form may work as the quencher to accumulate the excitation energy to be dissipated into heat. This idea has explained the fluorescence decay accelerations at 77 K (Veerman et al. 2007; Komura et al. 2010) and at 5 K (Miyake et al. 2011) for lichens, as well as for the desiccation-tolerant mosses C. purpureus and R. rugosum at 77 K (Yamakawa et al. 2012; Yamakawa and Itoh 2013) . Therefore, we assume that the type-A quenching mechanism decreased the fluorescence yield (integrated intensity) significantly in R. rugosum at both room temperature and 77 K. At room temperature, in our target analysis we found that PSII plus LHCII quickly (in ≈ 3 ps) equilibrate with a quencher that has a small oscillator strength, emits near 740 nm, and decays with a rate of 5/ns (Figs. 8, 9 ). This SAS (Fig. 9) resembles the SAS of a charge transfer (CT) state resolved by Slavov et al. (2013) in a target analysis of desiccationinduced excited state quenching in Parmelia lichen.
Desiccation-induced fluorescence lifetime change in shade-adapted R. squarrosus: type-B quenching
The desiccation-induced quenching in R. squarrosus also significantly shortened the decay time constant at room temperature but less at 77 K. The target analysis of the roomtemperature measurements is less reliable because of the much wider IRF (FWHM 143 ps) of this measurement. Nevertheless, a first target analysis, where the acceleration of the decay of the PSII plus LHCII emission is described by a very fast equilibrium with a quenched species Q (Figs. S7 and S8), indicates that (57/68 =) 84% of the PSII plus LHCII equilibrate with a quencher that has a small oscillator strength, emits near 710 nm, and decays with a rate of 49/ns. The remaining (11/68=) 16% of the PSII plus LHCII are only mildly quenched with a rate of 4.8/ns, showing no evidence for the involvement of a quencher. In an alternative target analysis of R squarrosus at room temperature, the acceleration of the decay of the PSII plus LHCII emission can be described by spillover to PSI, in combination with a state transition. Similar to the first target analysis, (7/37 =) 18% of the PSII plus LHCII are only mildly quenched with a rate of 2.7/ns (Fig. S9) . A target analysis of the 77 K data in future could probably help decide between these two different kinetic schemes. Although we do not yet know the mechanism, we observe that the quenching in R. squarrosus does not fully accelerate the PSII decay. We tentatively denote it as type-B quenching. In this proposed type-B quenching, a small amount (16 or 18%) of slowly decaying PSII plus LHCII emission remains even in the dry state. At 77 K, the quenching of PSII plus LHCII was larger in R. rugosum than in R. squarrosus (compare panels e and f of Fig. 6 , and also the DAS in Fig. 10 ). Whether the quenching in R. squarrosus is only quantitatively different from that in R. rugosum, or qualitatively, will have to await a target analysis of the 77-K data.
The B-type quenching process, therefore, resembles the "state shift" or "spillover" mechanisms, which were proposed to work to decrease the apparent size of PSII antenna. However, they work only under hydrated conditions. The "state shift" is proposed to occur via the movements of antenna complexes from PSII to PSI, and the "spillover" via the increase of energy transfer from PSII antenna pigments to PSI (Murata 1969; Schreiber et al. 1986; Niyogi 1999; Papageorgiou 2012) . As for the desiccation-induced fluorescence quenching at room temperature of a lichen P. sulcata, Slavov et al. (2013) proposed that the major portion of excitation energy in PSII is decreased by the spillover to PSI based on the target analysis of fluorescence decay kinetics at room temperature.
Final remarks
It seems natural that the quenching mechanisms are different between the shade-adapted R. squarrosus and the sunadapted R. rugosum. The latter situation seems to be similar for another sun-adapted drought-tolerant moss, C. purpureus (Yamakawa et al. 2012; Yamakawa and Itoh 2013) .
We assume that the two type-A or -B energy dissipation mechanisms are induced to dissipate the excess excitation energy from PSII by the desiccation in drought-tolerant mosses. The type-A quenching accompanies the significant decay acceleration due to the desiccation-induced quencher inside the PSII core. This type is also seen in sun-adapted R. rugosum, C. purpureus, or symbiont green algae inside the lichen P. melanchla (Komura et al. 2010; Yamakawa et al. 2012; Yamakawa and Itoh 2013) . On the other hand, the type-B quenching mechanism, shown in R. squarrosus, also seems to work to decrease the excitation energy from PSII probably situated in LHC or PSII peripheral. However, even with the action of the type-B mechanism, some excitons that have attained the PSII core Chls could not fully be dissipated, especially at a low temperature, as seen from the apparently unaffected PSII fluorescence lifetime at 77 K. Therefore, type-B mechanism, which protects the dehydrated PSII from photodamage under moderate light, may not be sufficient to fully cut the damage under strong sunshine because even a small amount of excitation energy will damage the dry PSII, in which electron transfer has stopped. The contribution of type-B quenching to the survival of R. squarrosus remains to be tested.
The molecular mechanisms of the drought-induced type-A and type-B quenching mechanisms are not yet clear. We could assume type-B to occur by modifications of the arrangements of antenna Chls in analogy to the lightinduced quenching mechanisms induced by aggregation or modification of light-harvesting proteins (Aro et al. 1993; Demmig-Adams 1990; Niyogi 1999; Horton et al. 2005; Li et al. 2004 ). Type-A may occur by another mechanism. However, It seems that the type-A and type-B quenching mechanisms are somewhat different from the light-induced quenching mechanisms like NPQ that operate only under hydrated conditions. It seems also probable that type-A and type-B quenching mechanisms co-operate in one organism. No similar drought-induced quenching mechanisms have been found in higher plants. It is clear that the occupation of widely different habitats by mosses is accomplished by the regulatory usage of multiple energy dissipation mechanisms under both wet and dry conditions.
